UCTC's educational and research programs are focused on strategic planning for improving metropolitan accessibility, with emphasis on the special conditions in Region IX. Particular attention is directed to strategies for using transportation as an instrument of economic development, while also accommodating to the region's persistent expansion and while maintaining and enhancing the quality of life there.
The Center distributes reports on its research in working papers, monographs, and in reprints of published articles. It also publishes Access, a magazine presenting summaries of selected studies. For a list of publications in print, write to the address below.
INTRODUCTION
Accurate emission inventories are needed to understand and control air pollution problems. Recent national air pollutant emission estimates published by the U.S. Environmental Protection Agency (FNA) indicate that in 1993 on-road vehicles contributed 62% of all carbon monoxide (CO) emissions, 3?-% of all nitrogen oxides (NOx) emissions, and 26% of all volatile organic compound (VOC) emissions in the United States.~ The contribution of motor vehicle emissions is even greater within urban areas.Z An accurate motor vehicle emission inventory OVIVEI) is therefore essential for correct understanding of air pollution problems.
At present, the MVEI is calculated using travel-based models which combine gram-per-mile emission factors with activity data, expressed as vehicle miles travelled tVMI), for an array of vehicle subgroups. Activity and emission factors are resolved by vehicle class (e.g., light-duty passenger car, heavy-duty truck, etc.), engine/emissions control technology, and age. Emission factors are derived from dynamometer testing of vehicles recruited from the in-use fleet through mailings to registered vehicle owners. Travel demand models are used to estimate total VMT, as well as the breakdown of VMT by vehicle type and speed. Since gram-per-mile emissions vary significantly with engine load and vehicle speed, emission factors and activity data must be calculated for an array of vehicle speeds.
Emission inventories are often inconsistent with emissions measured from on-road vehicles. In 1987, emission factors for CO and HC measured from vehicles at the Sherman Way tunnel in Van Nuys, CA were found to be higher than those predicted by California's EMFAC 7C emission factor model by factors of approximately 3 and 4, respectively. NOx emission factors predicted by EMFAC 7C agreed well with the on-road measurements) -s Fujita et al. 6 arrived at similar conclusions by analyzing meas-,~red ambient pollutant concentrations from the 1987 Southern Caiio fomia Air Quality Study. 6 Emission factor ratios predicted by the EMFAC 7F model compared more favorably to on-road measurements at the Caidecott Tunnel in Oakland, CA in the summer of 1994. 7 EMFAC 7F correctly predicted the VOC/NO x ratio but still tmderpredicted the CO/NO x ratio by a factor of 1. Since inventories of vehicle emissions are so uncertain, development of an independent method of calculating the MVEI has been identified as a high priority for air quality research.9 The alternate approach should be based on emission factors measured from large, random samples of onroad vehicles and on activity data which can be verified independently. In the present study, a fuel-based methodology is proposed in place of the traditional travel-based approach. In a fuel-based inventory, emission factors are normalized to fuel consumption rather than miles travelled, and activity is measured as the amount of fuel consumed. Fuel-based emission factors are calculated from on-road emissions measurements such as those from remote sensors and tunnel studies. Precise fuel use data are readily available from records of taxes paid when fuel is sold.
Much has been learned about reai-world vehicle emissions by use of infrared remote sensors which measure the CO/CO z and HC/CO 2 ratios in the exhaust of individual vehicles as they dave by the sensors. I°-16 Newer remote sensots also include an ultraviolet channel for measunng the NO/CO2 ratio in vehicle exhaust. 17 Remote sensing studies show that total fleet emissions are dominated by the extremely high emissions of a small fraction of on-road vehicles. For both CO and HC, it is typical to find that less than 10% of the fleet is responsible for half of the total exhaust emissions and that less than 20% of the fleet is responsible for 80% of the emissions° Although the CO high-emitters are not necessarily the sarne vehides as the HC high-emitters, there is significant overlap between the groupsJ 8 A similarly skewed distribution in vehicular NO emissions has been reported.~7 Calculation of accurate emJssion factors for use in inventory calculations must therefore include high-emi~ng vehicles, weighted according to their presence in the on-road fleet.
Discrepancies between model predictions and real-world observations may result from limitations of the current MVEI methodology. Because of the expense and time involved in dynamometer testing, the sample of vehicles tested as part of the current MVEI methodology may be too small to repr esent adequately each combination of vehicle class, technology type, and age. More importantly, the test fleet may not be representative of the on-road fleet since the highestemitting vehicles---those in a severe state of disrepair and those with emission control systems that have been tampered with---are less likely to be submitted voluntarily for emissions testing. Insufficient representation of highemitting vehicles in the test fleet leads to predicted fleetaverage emission factors that are too tow.
Current methods of estimating VMT lead to uncertainty in the MVEI. The California Department of Transportation (Caltrans) estimates total statewide VMT from fuel use data and an estimate of the average fuel economy for all vehicles in the stateA 9 VMT estimates for each air basin are developed using travel demand models. Basin-wide VMT estimates are checked against measurements of travel across access points (e.go, bridges) and compared to total statewide VMT. Additional uncertainty in the MVEI is introduced when VMT is resolved to vehicle subgroups and by vehicle speed.
Since gram-per-mile emissions vary significantly with vehicle speed and engine load, correction factors are required to predict emissions under conditions that differ from the urban dtivh~g schedule defined ha the Federal Test Procedure. Speed correction factors are derived by testing vehicles on an array of driving schedules with different average speeds. Roadway grade also affects engine load, but current models do not account for this effect.
A major advantage of the methodology presented here is that fuel-based emission factors vary much less than travel-based emission factors as driving mode changes. In a remote sensing study of 23 vehicles, Stedrnan et al ~4,~0 measured the CO and HC emissions as the vehicles were driven through a series of 10 modes (idle, cruises of 5, 15, 30, and 45 mph, light, medium, and hard accelerations, and two identical decelerations). CO emissions were lowest and least variable for the cruises and light and medium accelerations, somewhat higher and more variable for the idle and deceleration runs, and significantly higher during hard acceleration. HC emissions were comparable for all the modes except for the decelerations, where significantly higher and more variable emissions were observed. In a study of driving mode effects on a large, in-use vehicle fleet, Pierson et al. 8 measured emission factors for uphill (loaded) and downhill driving on a 3.76% grade in the Fort McHenry tunnel. On a gram-per-mile basis, uphill emissions were higher than downhill emissions by factors of 1.52, 1.86, and 2.19 for non-methane hydrocarbons (NMHC), CO, and NO,, respectively. When normalized to fuel consumption, uphill to downhill emission factor ratios were 0.95 for NMHC, 1.19 for CO, and 1.38 for NO x.
The objectives of this study were to describe a fuel-based methodology for calculating motor vehicle emissions; to apply this methodology to calculate a 1991 summertime inventory of mnr~ng exhaust CO emissions for California's South Coast Air Basin; and to compare the fuel-based inventory with official California estimates of motor vehicle emissions. METHOD A fuel-based emission inventory uses emission factors normaliz~d to fuel consumption 0.e., grams of pollutant emitted per gallon of fuel burned). Average emission factors for subgroups of vehicles are weighted by the fraction of total fuel used by each vehicle subgroup to obtain an overall fleet-average emission factor. The fleet-average emission factor is multiplied by regional fuel sales to compute pollutant emissions. lRm |.,~ion Factors By carbon balance, it is possible to relate the amount of [~llutant emitted to the amount of fuel burned if the molar exhaust concentrations of COy CO, and HC are measured. An emission factor E e for pollutant P can be computed as follows:
(1)
where F~ is in units of grams of pollutant P emitted per unit volume of fuel consumed, [P] is the exhaust concentration of pollutant P, wcis the carbon weight fraction of the fuel, pf is the fuel density, and Mp is the molecular weight of P. arid of the number of registered vehicles among all air basins in the state. The fuel used in each air basin must be apportioned among vehicle subgroups. Fuel-based emission factors cannot be weighted by VMT fractions because different vehicles use different amounts of fuel to travel the same distance. For example, light-duty trucks use more fuel on average than light-duty passenger cars per mile travelled. 2z In addition, vehicle fuel economy has improved dramatically over the last two decades, as shown in Table 1 . Each year, EPA publishes average fuel economy values, weighted by new vehicle sales, for all vehicles of each class (cars and trucks), for all vehicles sold by each manufacturer, and for foreign and domestic vehicles, zz The actual fuel economy realized by vehicles on the road varies with vehicle model, but is lower on average than unadiusted EPA estimates by about 20%. 2a In 1985, the average shortfall associated with light-duty trucks was 20.1%, compared to a shortfall of 18.7% for cars. No s~cant trends in fuel economy shortfall have been correlated to automobile size or to vehicle age. za Since the calculation of fuel use by each vehicle subgroup requires only that the relative fuel economies be known (note that the fuel economy M e appears in the summations in both the numerator arid the denominator of Equation 3, below), EPA fuel economy values were used without adjustment for the present analysis.
The travel fractions vg of each vehicle subgroup are measured directly as the frequencies at which vehicles of each subgroup pass a remote sensor. For example, ff a total sample of N vehicles drive by a remote sensor, then vii = nJN where nii is the count of vehicles in subgroup (id). Uging average fuel economy M r and vehide travel fraction vii , the fractioñ i of total fuel used by each vehicle subgroup (i,l") is:
where Y~ is the model year of the oldest vehicles, Yn is the most recent model year, and C is the number of vehicle classes being considered.
Cembtning Activity mad Emission Factors Tb~ ..... all fleet-average emission factor for pollutant P, a ~vn = .f.iEpii (4) [=1 i=Y 1 is multiplied by total fuel use to compute vehicular emissions of pollutant P. F.~dssions can be calculated by vehicle class by applying Equations 3 and 4 separately for each class j.
APPLICATION
The fuel-based methodology described above was applied to California's South Coast Air Basin. Stabilized exhaust emissions of carbon monoxide were calculated for gasoline-powered light-duty cars and light/medium-duty trucks for the summer of 1991. Emission factors were calculated from remote sensing measurements made by Stedman, Bishop, and co-workers from the University of Denver as part of a study of on-road CO and HC emissions in California. 14 The complete data set, as received from the Unversity of Denver, contained 91,679 valid CO and HC measurements matched to vehicle registration records.Z4 Vehicles were sampled at 13 sites in the Los Angeles and San Francisco Bay areas during May through July of 1991. Because the present application is for the SoCAB, only data obtained from the Los Angeles area sites were used. One of the sites, a parking lot, was excluded because vehicles were measured while operating in cold start mode. Summary descriptions of the remaining seven sites, as reported by Stedman et al.,14 are given below.
Rosemead: Rosemead Blvd. north of the cloverleaf intersection with the Pomona Freeway (I-60) in south El Monte. Rosemead Bird. is a fiat, six-lane divided highway with traffic signals and a posted speed limit of SO mph; however, vehicles were measured while travelling at speeds ranging from nearly 0 to 50 mph. During the monitoring, all southbound traffic was fimneled into a single lane to increase the measurement rate. Because this site was used for a random pullover study which lasted about two weeks, more data are available for the Rosemead site than for all of the other sites combined. General Motors Research used their own remote sensor to obtain side-by-side measurements at this site; these results have been reported elsewhere. 2s
Peck: Interchange of Peck Road to 1-10. Driving modes consisted of moderate accelerations on the on-ramp and decelerations on the curved off-ramp.
Beach: Beach Boulevard to Southbound 1-405. Two remote sensors were placed beyond the metering lights on the curved, 2% uphill grade. Vehicles were monitored as they accelerated past both units to merge with the freeway. Heavy congestion on the freeway restricted traffic flow during the morning hours°L gnwood: Long G,~-ach Blvd. one block north of Norton. Long Beach Blvd. is a level, four-lane surface street with light traffic and average speeds of I0-25 mph. In the afternoon, one of the lanes was closed so that more vehicles could be sampled.
El Segundo: El Segundo Blvd. to Southbound 1-405. Two instruments were located past the metering lights on an uphill on-ramp, approximately 20 and 100 feet from the ramp exit. Vehicles were observed to be gently accelerating as they passed the first sensor, and in cruise mode as they passed the second sensor.
Broadway: Northbound Broadway to northbound Io 101. Two units were used to monitor vehides along a downhill onreanp. Dri~,~g modes included light accelerations and cruises al 20-40 mph.
Vermont:. Southbound Vermont Ave. to westbound Id0. VeIrides were monitored as they accelerated past the first unit, located on a steep (-5% slope) uphill on-ramp, and as they (.~uised or decelerated slightly past a second sensor, located 140 feet away on a more gentle slope.
Using fuel-code data from the vehicle registration records, dlvehicles burning fuels other than gasoline were excluded. Of 80,775 measurements at the seven sampling sites, 1,424 measurements of non-gasoline vehicles were excluded. 1,189 measurements were matched to registration records with no fuel code designated; these vehicles were assumed to be l~edominanfly gasoline-powered and thus included in the calculation.
One hundred and ten measurements were matched to vehicles registered as 1992 model year vehicles. "l~lese measurements were grouped together with the 4,690 :measurements of 1991 vehicles.
Vehides were dassifed as either cars or trucks according to body code and/or body type information in the registration records. The truck category includes both lighi-duty and medium-duty trucks. It was not possible to track these truck classes separately because the dJvBion is based on gross vehicle weight, a parameter that was not included with the registration data. However, since remote sensors are designed to sample emissions from vehicle tailpipes that are about 10-12 inches from the ground, light-duty trucks were sampled more efficiently than medium-duty trucks. Emissions could not De measured from heavy-duty vehicles with elevated exhaust pipes.
On many of the sampling days, a single remote sensor was used. For one day of sampling at the Rosernead site, and for all sampling at the Beach, Broadway, El Segundo, and 
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Vermont sites, two instruments were positioned in series to measure the same stream of vehicles. This arrangeraent allowed for a greater fraction of the passing vehicles to be sampled at least once, and for a large fraction of the vehicles to be sampled twice. Duplicate measurements for a single vehicle pass were averaged together and subsequently considered as a single measurement. A gram-per-gallon emission factor was calculated for each remote sensor measurement using Equation 2 along with fuel properties of industry average gasoline, i.e., a carbon weight fraction w e = 0.87 and a fuel density pf = 750 g/1.26 Average emission factors were computed for vehicles of each subgroup (i,]) at each site. All vehicles of 1974 vintage and older were grouped together, and as mentioned previously,. 1992 vehicles were grouped with 1991 vehicles. Table 2 shows the total sample size and the mean model year for cars and trucks at each site.
Differences in average emissions between sites can be explained in large part by differences ha average vehicle age.a4 Age differences can be controlled for by calculating emission factors for each model year at each site and com~ only vehides of the same age. Average emission factors for each model year of cars at each site are plotted in F~gure 1. Irtgure 1 shows that vehicles of the same age have comparable emissions even when measured at different sites. The coefficient of variation of emission factors measured at the seven sites is similar for all model years of cars. The analogous plot for trucks exhibits the same trend of increasing emissions with vehicle age, but shows greater year-to-year fluctuations at each site because the truck sample was significantly smaller than the car sample, as indicated ha Table 2 . equipment, construction equipment, and boat engines; 3o this amount was deducted from total gasoline sales. The fraction of fuel used in the SoCAB was calculated by considering the county-by-county breakdowns of population and registered vehicles. On a population basis, the SoCAB includes all of Orange county, 98% of Los Angeles county, 81% of San Bemardino county, and 72% of Riverside county. 3t In 1991, 44% of the people residing in California Lived in the SoCAB.32,3s Similarly in 1991, 40% of California vehicles were registered in the SoCAB.32 Using the average of population and vehicle registration data, 42% of statewide fuel use was apportioned to the SoCAB. Heavy-duty trucks and motorcycles, which are not included in this inventory calculation, were estimated to consume 11% of the gasoline in the 5oCAB.a4 This amount was subtracted from the total on-road vehicle gasoline use. Gasoline used by cars, light-duty trucks, and medium-duty trucks ha the SoCAB was therefore calculated to be 13.2 x 106 gallons per day. Using data from Tables 3 and 4 , fuel use by cars was calculated to be 10.1 x 106 gallons per day and fuel use by trucks was calculated to be 3.1 x 106 gallons per day.
RESULTS
Two emission inventory calculations were performed: Lowerbound values were calculated using emission factors measured at the Rosemead site, and a best-estimate of the true emission inventory was calculated using an equal weighting of the emission factors measured at each of the seven remote sensing sites. Measured emission factors are presented ha Table 3 for each model year of cars. Shnilar emission factor data for trucks are presented in Table 4° Estimates of the uncertainty associated with the emission factors are knduded ha Tables 3 and 4 . For the Rosemead emission factors, the error estimates represent the standard error of the mean, a measure of the degree to which the sample mean represents the mean for the entire population (fleet) vehides. The uncertainty associated with the 7-site average emission factors is stated as +1 standard deviation, a measure of the site-to-site variability in average emission factors for each model year. Note that measurements from the Rosemead site make up about two-thirds of all the data and that the remaining data are not equally distributed among the other six sites, as indicated ha Table 2 .
Travel fractions for each model year of cars and trucks are presented in Tables  3 and 4 , respectively. These values were calculated by averaging observed travel fractions from all seven sites for vehicles of each model year. Site-by-site age distribution data for cars are plotted ha Figure 2 . According to the observed vehicle distributions, cars accounted for 81% and trucks 19% of the travel for these two vehicle classes. Travel fractions shown ha Tables 3 and 4 were converted to fuel use fractions using Equation 3 and the fuel economy data presented ha Table 1 . As expected because of their lower fuel economy, trucks accounted for a greater fraction of fuel used (24%) than distance traveled (19%).
Overall average emission factors for cars and trucks at the Rosemead site and for all seven sites combined are presented ha Table 5 . A correction factor was used to account for the bias of using only those remote sensing measurements which were matched to DMV registration records. Registration data were not available for out-of-state vehicles and for vehicles with unreadable or missing license plates. The correction faco tor was derived from Rosemead data, where the average CO concentration for 60,487 matched and unmatched vehicle measurements was 0.86°/6, whereas the average CO concentration for vehicles matched to DMV registration records (42,546 measurements) was 0.79%. 14 The class-average emission factors were therefore increased by a factor of 1.09.
Finn emission inventory results for summer 1991 are presented in Table 5 ; corresponding predictions of the California Air Resources Board (CARB) MVEI 7F model are shown for comparison° The fuel-based estimate of stabilized exhaust CO emitted by cars and light/medium-duty tracks is 2.3 times higher than the official emission inventory estimates of the MVEI 7F model. Fuel-based estimates are 2.2 and 2.6 times higher than MVEI 7F estimates for cars and trucks, respectively. Lower-bound inventory estimates--based on emission factors measured at the Rosemead site--are higher than MVFA 7F predictions by factors of 1.9 for cars and 2.3 for trucks. In Table 6 , the fuel-based Inventory of stabilized CO exhaust emissions is combined with MVEI 7F estimates of incremental start emissions and emissions from other vehicle types, such as heavyduty vehicles. Total on-road vehicle CO emissions in the SoCAB were computed to be 7900 tons/day. Figure 3 shows the mass of CO emitted by cars of each model year. Cars which were ten or more years old (model year < 1981) contributed 59% of the stabilized exhaust CO from all cars. Similarly, trucks that were ten or more years old were responsible for 55% of the stabilized exhaust CO fzom all tracks. Despite the large con~bution to total emissions from older vehicles, it should be noted that malfunctioning new vehicles can emit much more than welltuned older vehicles. 28 Figure 3 also shows the cumulative percentage of total CO as a function of model year, calculated using both fuel-weighted and travel-weighted activity distributions. Since travel-weighted calculations ignore the upward trend in fuel economy between 1975 and 1990 vehicles, past analyses have understated the fraction of emissions contributed by older, less fuel-efficient vehicles.
DISCUSSION
Accuracy of F~el-Based Inventory The accuracy of a fuel-based emisssion inventory depends primarily on how weU the vehicles and drivhag modes from which emission factors were measured represent the entire area under study. In the present case, seven sites were used to represent the vehicle population of the South Coast Air Basin. The sites were well distributed geographically, and six of the seven sites were on high-volume traffic segments. The seventh site, ha Lynwood, was located in a low-income neighborhood where emissions increased with age more sharply than at other sites. 13,~4 Site-to-site differences in the percentage of foreign versus domestic vehicles and in the vehicle age distribution suggest that the sampling sites represented a range of socioeconomic levels.
Driving conditions varied from site to site and with time of day at the same site. However, most vehicles were sampled while cruising, lightly acceleratin~ or lightly decelerating--modes for which gram-per-gaUon CO emissions are similar, as discussed in the introduction. At the Rosemead site, most vehicles were measured while cruising at moderate speeds on a level roadway, the driving mode which leads to lowest CO emissions. In contrast, one of the two remote sensors at the Vermont site measured Tables 3 and 4 have been increased by a factor of 1.09 (see text). b Calculated us;rig Rosemead emission factors. Calculated using 7osite average emtssion factors. a Uncertainty bounds calculated as ±20% of class-average emission factor for cars and ±30% of class-average emission factor for trucks.
(See text for discussion of uncertainty) '~ Ratio calculated using unrounded emissions estimate of 1537 tons/day Total fleet-average emission factor and uncertainty bounds were calculated by weighting the emission factor and uncertainty for each vehicfe class by the fractions of fuel used by each class. Trucks  289  595  884  33%  1500 ± 450  1800  16%  HD+MC c  5  515  520  -500  500  -Diesel~3  144  147  -150  150  -"lb~al  1273  3217  4490  29%  6600 ± 1350  7900  16% , incremental cold + hot start emissions from MVEI 7E Incorporates MVEI 7F estimates for incremental start omissions, heavy-duty gasoline-powered trucks, motorcycles, and all diesel vehicles so that totaf motor vehicle CO i,'~ventory can be calculated. No uncertainty estimates are availab;e for the MVEI 7F emissions estimates. Thus, unc.~, rtainty in the total reflects only the uncertainty in estimates of stabilized emissions for cars and tmeJ~. c. Heaw_duty gesoline-powemd tlucks plus motorcydms. MVE{ 7F provides no separate estimates for start missions from HD gasoline-powered trucks. a Ail diesel vehicles, including cars, light-duty trucks, heaw-duty tr~cks, and urban buses.
"vehicles as they were accelem~g on a 5% uphill grade. Depending on the rate of acceleration, such moderate to high-load conditions can lead to in~ gram-per-gal/on CO emissions in most vehicles and likely caused some hard accelerating vehicles at this site to enter enrichment mode.
The lower-bound emission inventory presented in Table  5 was calculated using emission factors measured (at the Rosemead site) from a very large sample of vehicles operating in the mode which corresponds to lowest CO emissions. Best-estimate inventory estLmates were calculated using an equal weighting of data from all seven remote sensing sites. Therefore, a fleet with a ITJgher than average percentage of poorly maintained older vehicles (Lynwood) and a site where one of two ~a~ote sensors measured vehides during moderate to high-load driving conditions (Vermont) were each ineluded with a one-seventh weighting factor. The accuracy of fleet-average emission factors also depends on the accuracy of the age dis~bution used to weight emissions data from each vehicle model year. Age distributions for cars and trucks were calculated by weighting equally the age distributions observed at the seven remote sensing sites. These age distributions, shown in Tables 3 and 4 , agree well with those developed by CARB for use with the MVEI 7F model, as discussed below. Uncertainty in the average travel fractions for each model year results from site-to-site variations in the car-to-truck ratio, and from the atypical age distribution of the Lynwood site, where a large percentage of older vehicles was observed. As shown in Figure 2 , age distributions for the remaining six sites were similar to one another. Because of smaller sample sizes, uncertainties in the travel fractions by model year for trucks are larger than the corresponding uncertainties for cars.
From this discussion, it is clear that the fuel-based emission inventory estimates are sensitive to the weighting applied to Lynwood data. The Lynwood site is not unique in the Los Angeles area; however, further study is needed to determine whether vehicles similar to the Lynwood fleet account for oneseventh of the SoCAB vehicle fleet. The importance of the weighting factor for Lynwood data was examined by recalculating fleet-average emission factors for cars and trucks, assuming that emission factors and age dist~butions measured at Lynwood represented only 4% of the entire SoCAB vehicle population. With this adjustment, fleet-average emission factors and corresponding inventory estimates would be only 7% lower than the best-estimate values Fioure 3. CO mass emissions from cars of each model year. A~so shown is the cumulative contribution to total CO emissions as a function of vehicle age, using fuef-weighted and travel-weighted activity distributions.
reported in Table 5 . Thus, even if the fleet of vehicles at Lynwood represents a fraction of the SoCAB vehicle population smaller than the initially assumed one-seventh (15%), the CO inventory will not differ substantially from the bestestimate values of Table 5 .
Reduced fuel economy for CO high-emitters was not factored into the present inventory calculation. The presence of significant amounts of CO in vehicle exhaust causes a reduction in the thermal efficiency of combustion. 3s As a result, high-emitting vehicles obtain lower fuel economy than similar vehicles which have lower CO emissions. Inclusion of fuel economy penalties for CO high-emitters would shift more of the fuel use to the high-emitters and result in higher calculated CO emissions, relative to the values presented in Table 5 .
Uncertsinty of Inventory Estimates
Uncertainty in the fuel-based inventory results from uncertainty in the emission factors measured for each vehicle model year and from the weighting factors used to combine the emission factor data. In general, large numbers of measurements are required to ensure that average emission factors are measured precisely for each vehicle model year at each sampling site. For example, the large number of measurements at the Rosemead site ensured the precise calculation of emission factors for all vehide model years at that site. High precision in the measurements at this site is indicated by the small standard errors associated with the yearly emission factors presented in Tables 3 and 4 . Smaller vehicle samples resulted in larger standard errors in emission factors at each of the other sites.
Additional uncertainty results from weighting the data from individual sampling sites to calcxflate a basin-wide fleetaverage emission factor. From the preceding discussion of vehicle populations and driving modes included in this study, it is likely that the true average emission factor for all SoCAB cars and trucks of any given model year lies within the range of yearly emission factors measured at the seven sampling locations (see Figure 1 for cars) . Thus, an absolute lower-bound on the inventory can be calculated using the lowest measured emission factors for cars and tracks of each model year. Following this approach, it was found that the true inventories for cars and trucks could not be more than 23% and 36% below the best-estimate values presented in Table 5 . Repeating the calculation with the highest measured emission factors for each model year produced absolute upper-bound estimates for cars and trucks which were 34 and 49% higher than best-estimate values.
The preceding calculations give insight into the extreme bounds on the inventory. As indicated in Figure 1 , individual sites tend to be consistently above or below the 7-site average for all model years. More realistic uncertainty bounds were estimated using the standard deviations of emission factors for each vehicle model year. Therefore, the upper uncertainty bound was calculated using the mean plus one standard deviation as the emission factor for each car and truck model year. The lower uncertainty bound was calculated using the mean minus one standard deviation as the emission factor for each model year. By this method, uncertainties associated with the best-estimate values were calculated to be _+20% for cars and +30% for trucks. These uncertainties were applied to the 7-site fleet-average emission factors and CO inventory estimates presented in Table 5 .
Compari~n
Bgtween ~el-l~l md MVEI 7F Methods Consistent with the fuel-based calculation, MVEI 7F assigns 43% of statewide VMT for cars and trucks to the SoCAB. The age distributions for cars and trucks used in MVEI 7F are similar to the 7-site average age distributions used in the present calculations, as shown in Figure 4 . MVEI 7F activity data indicate that 80% of total car and light/medium-duty truck miles are driven by cars, consistent with the 81% travel fraction for cars observed on-road in the SoCAB and used in the fuel-based inventory. MVEI 7F reports fuel usage of 9.5 x 106 gallons per day for cars and 3.6 x 106 gallons per day for trucks. These values are consistent with the fuel use calcuations of the present study, although MVEI 7F assigns a somewhat greater fraction of fuel use to trucks. When MVEI 7F fuel use and age distribution data were combined with fuel-based emission factors of the present study, calculated CO emissions were still 2.1 times higher than MVEI 7F predictions for cars and trucks combined° Therefore, differences between MVEI 7F model predictions and the fuel-based inventory presented here result mainly from differences in emission factors.
A draft version of CA_RB's revised motor vehicle emission inventory model, MVE[ 7G, predicts CO emissions which closely match the fuel-based inventory. MVEI 7G estimates that stabilized CO emissions for the SoCAB in summer 1991 were 4704 tons/day for cars and 1587 tons/day for trucks. The more than two-fold increase in predicted CO emissions between versions 7F and 7G of the MVEI model results from the inclusion in MVEI 7G of increased contributions from enrichment mode driving events and from correction factors which account for the under-representation of high-emitting vehicles in the dynamometer emissions testing program, s6
Additional CO Emissions Stabilized exhaust emissions are shown in the context of total vehicular CO emissions in Table 6 . In MVEI 7F, coldand hot-start emissions are calculated from the difference between emission factors when vehicles are started (i.e., before the catalyst reaches operating temperature) and after the engine and emissions control equipment have reached sl:able operating conditions. Stabilized en~ssions are estimated assuming that all travel occurs after vehicles have reached stabilized conditions. Additional emissions which result from vehicle starting are termed incremental start emissions. Analogously, the fuel-based stabilized CO inventory considers that all fuel is used during stabilzed vehicle operation and does not include incremental emissions associated with vehicle starting.
According to MVEI 7F, incremental start emissions c~m-prised 33% of all summertime CO emissions from cars and li, ght/medium duty trucks in s~arnmer 1991)4 The fuel-based inventory developed in this study indicates that stabilized exhaust emissions are higher than suggested by MVEI 7Fo This increase in stabilized emissions reduces the relative imo portance of incremental start emissions to only 16% to 18% of total summertime CO emissions from cars and trucks, as shown in Table 6 . Therefore, MVEI 7F probably overstates the importance of incremental start emissions.
The present fuel-based inventory includes stabilized exhaust emissions from gasoline-powered light-duty cars, lightduty trucks, and medium-duty trucks. According to the inventory totals presented at the right of Table 6 , stabilized exhaust emissions from these vehicles accounted for 75% of all motor vehicle CO emissions in the SoCAB. As shown in Table 6 , motorcycles and heavy-duty gasoline-powered trucks contributed an estimated 6% and diesel vehicles contributed only 2% of total vehicular CO emissions. Emissions associated with enrichment may be included to some extent in the present fuel-based inventory because some vehicles measured at the Vermont site were likely operating in enrichment mode. Enrichment is not included in the MVEI 7F estimates; however, results from the Auto/Oil program indicate that inclusion of off-cycle emissions will raise estimates of the exhaust CO inventory by about 9%o 37
Comparison to MOBILE
The methods used to quantify emissions in EPA's MOBILE model differ from those used by MVEI 7E Instead of calculating separately the additional emissions associated with vehicle starts, MOBILE uses a single composite emission factor that reflects a weighted average of cold start, hot start, and stabilized exhaust emissions. Fuel-based inventory results may be compared to MOBILE predictions by specifying 10OO,6 stabilized operation within the MOBILE model) a Future Applications A fuel-based inventory can he calculated for any pollutant in any region for which representative emission factor and fuel use data are available. Emission factor data are already available for many U.S. locations from tunnel and remote sensing studies. The use of remote sensors in Inspection and Maintenance programs is producing data for additional areas. Exhaust emissions of CO are measured accurately by remote sensors. The use of remote sensing HC measurements for inventory purposes is more complicated. Remote sensors can accurately measure the total mass of alkanes in vehicle exhaust, but measure only a portion of the olefins and aromatics. StephensS9 has shown that it ff the speciation of vehicle exhaust is known, a correction factor may be applied to remote sensor measurements to estimate the total mass of exhaust HC emissions. Newer remote sensors are capable of measuring the NO/CO 2 ratio in vehicle exhaust.~7 Such instruments may provide on-road measurements of NO emissions analogous to the currently available CO data. Once the CO inventory is known, emissions of HC, NOx, and additional pollutants such as formaldehyde and benzene, may be estimated from emission factor ratios measured in roadway tunnels or'from concentration ratios measured in ambient air.
CONCLUSIONS
A fuel-based methodology was developed and applied to calculate emissions of CO from cars and light/mediumduty trucks in the South Coast Air Basin. In the summer of 1991, stabilized exhaust CO emissions were calculated to be 4400 ± 900 tons per day for cars and 1500 ± 450 tons per day for trucks. Total CO emissions, including emissions estimates for incremental starts and heavy-duty vehicles from existing models, were estimated to be 7900 tons per day. Total car and truck emissions calculated ushag the fuel-based methodology were higher than predictions from the MVEI 7F model by a factor of 2.3. Lower-bound fuel-based inventory estimates indicate that MVEI 7F predictions were low by factors of at least 1.9 for cars, 2.3 for trucks, and 2.0 for both vehicle classes combined.
Since the fuel-based methodology uses emission factors measured from large numbers of on-road vehicles, highemitting vehicles are weighted according to their presence in the on-road fleet. The use of gram-per-gallon instead of gram-per-mile emission factors simplifies the calculation procedure because statewide gasoline use is known, and because CO emission factors normalized to fuel consumption vary only slightly over most driving modes. In present form, the fuel-based approach is useful as an independent method for verifying predictions of traditional emission inventory models. With farther development, the fuelbased methodology could become the standard for calculating motor vehicle emission inventories.
